Cultured human lymphocytes exposed to very low doses of X-rays become less susceptible to subsequent higher doses of X-rays. Cells exposed to doses as low as 0.5 rad (cGy) or 1 rad of X-rays at 32 -34 h of culture become adapted so that less cytogenetic damage in the form of chromosome breakage is induced by 150 rad administered at 48 h. This response, which does not occur after high initial doses of X-rays, can be eliminated by 3-aminobenzamide, an inhibitor of poly(ADP-ribose) polymerase.
Introduction
When cells are exposed to low doses of an alkylating agent, they often become less sensitive to the effects of a higher dose administered subsequently (i.e. they exhibit an adaptive response). Such adaptive responses to the killing, mutagenic or clastogenic actions of methylating agents have been observed in Escherichia coli (Samson and Cairns, 1977) and mammalian cells (Samson and Schwartz, 1980; Kaina, 1982) . In E. coli, adaptation to low doses of the same, or similar, alkylating agents has been shown to be due to the induction of enzymes involved in the removal of the alkyl group from DNA (Walker, 1985) or to the regulation of the response (Teo et al., 1986) .
In experiments on the induction of chromatid breaks in Xirradiated human lymphocytes, Olivieri et al. (1984) snowed that prior exposure to low doses of endogenous radiation from incorporated tritiated thymidine ([ 3 H]dThd) led to a reduction in cytogenetic damage induced by a subsequent high dose of Xrays. This reduction in chromatid aberrations was not attributable to differential cell stage radiosensitivity coupled with radiationinduced delays in cell cycle progression that possibly could have affected which cells would have been sampled at a given time after irradiation. The reduction also was not attributable to the selective killing of a radiosensitive population of lymphocytes that had incorporated [ 3 H]dThd (Wiencke et al., 1986) . These experiments led to the conclusion that the low doses of radiation from the decay of the tritium induced a chromosome break repair mechanism that made the lymphocytes less susceptible to subsequent exposures to X-rays.
In the experiments with [ 3 H]dThd, concentrations of the radioisotope that in themselves did not induce discernible chromatid breakage could produce this adaptive response (Wiencke et al., 1986) . Experiments have now been carried out with very low acute doses of X-rays as the adapting dose to see if low-level exposure to ionizing radiation can cause cells to become less susceptible to radiation.
Materials and methods
Venous blood from healthy female adults (30-40 years) was drawn by venipuncturc into heparinized vacutainer tubes. A different donor was used to obtain the data in Table I than in Table n . Whole Wood, 0.5 ml, was added to 4.5 ml RPMI 1640 containing 10% fetal calf serum, 2 mMglutamine, 100 U/ml of penicillin, 100 /ig/ml of streptomycin and 1 % phytohemagglutinin (PHA-M). The blood was cultured at 37°C in 5% CO2 incubators. The low doses were delivered at 32-34 h after stimulation, the 150 rad at 48 h. Irradiations were performed with a Philips model 250 therapeutic unit, 250 kVp, 15 mA; half value layer 1.06 mm Cu. The low doses were delivered at a dose rate of 20 rad/min whereas the high dose was delivered at 100 rad/min. When used, 3-aminobenzamide (2 mM) was added immediately after the 150-rad exposure. All cultures were harvested and fixed 6 h after the 150-rad exposure. Two hours before harvest The 0.5-and 1-rad prctreatment doses were given at 34 h after PHA stimulation, whereas the 150-rad dose was given at 48 h.
•Sum of the two individual treatments minus the control.
•"Significantly different from expected values, P < 0.005 (one-tailed /.-test). c Not significantly different from the expected values, P < 0.05. Table D . The low dose levels of X-rays that reduce the amount of chromosomal damage induced by a subsequent exposure to 150 rad (cGy). The 1 -50-rad pretreatment doses were given at 32 h after PHA stimulation whereas the 150-rad dose was given at 48 h "Sum of the two individual treatments minus the control.
•"Significantly different from expected values, P < 0.025. C P < 0.01. d P < 0.05 (one-tailed /-test).
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and fixation, 0.1 ml of Colcemid (final concentration 2 x 10" 7 M) was added Acknowledgements to each culture. The lymphocytes were exposed to 0.075 M KC1 for 8 min and then fixed in methanol:acetic acid (3:1 v/v). The fixed cells were dropped onto wet glass slides and allowed to dry overnight. The slides were stained in Giemsa and scored for chromatid aberrations. Since very few chromatid exchanges are found in cultures fixed 6 h after the exposure to 150 rad, the scoring was restricted to chromatid and isochromatid breaks. Gaps, where the apparent discontinuity was less than the width of a chromalid, were also disregarded. Two hundred cells were scored for each treatment. The statistical significance of reductions in chromatid breaks was determined with a one-tailed f-test.
Results
When 0.5 or 1 rad were administered to lymphocytes 34 h after PHA stimulation, the amount of chromosome damage induced by 150 rad at 48 h was reduced from that expected if the effects of the low and high doses were additive, as should be the case since X-rays induce breaks randomly throughout the genome (Table I ). Lymphocytes exposed to 150 rad alone had 81 chromatid and isochromatid breaks, whereas, when the 150 rad dose was preceded by either 0.5 or 1 rad, only 45 or 48 such breaks were induced, which is approximately half the expected amount. A second experiment was performed to see what dose levels could induce adaptation to ionizing radiation. X-ray doses from 1 to 50 rad were delivered 32 h after PHA stimulation, followed by 150 rad at 48 h. Lymphocytes pretreated with 1, 5, 10 and 20 rad had significantly fewer chromatid and isochromatid breaks than expected (Table H) . The ratio of chromatid to isochromatid deletions was similar in all treatment groups. Pretreatment doses >20 rad did not lead to significant reductions.
Discussion
Very low doses of X-rays, 0.5 or 1 rad, are capable of adapting lymphocytes to ionizing radiation, making them less susceptible to damage induced by subsequent higher doses. Because the very low doses often did not in themselves produce an observable increase in chromatid aberrations (Table I) , there was some concern about the amount of energy deposited in the nuclei and whether or not every nucleus was hit by the low doses. Since 250 kVp X-rays deposits about 1.77 ionizations in 1 /tm 3 of irradiated tissue (Table 2 in Lea, 1955) , and since our measurements of stimulated lymphocyte nuclei indicated that the average nuclear volume was -625 /tm 3 , it is apparent that 1 rad produces -1100 ionizations within each nucleus and that a considerable amount of energy is deposited in each nucleus by the low adapting doses used in the experiments.
In the experiments with [ 3 H]dThd, it was found that the reduction in chromatid breaks induced by 150 rad after previous exposure to a low dose could be eliminated by the addition of 3-aminobenzamide (3AB), an inhibitor of poly(ADP-ribose) polymerase, if the chemical was added after the high dose exposure (Wiencke et al., 1986) . In our experiments with low doses of X-rays, the addition of 2 mM 3AB immediately after the 150-rad exposure also eliminated the adaptive response (Table I) . Because 3AB at this low concentration inhibits chromatin-bound poly(ADP-ribose) polymerase, a role for this enzyme in the expression of the adaptive response is suggested.
Doses of X-rays > 20 rad were not capable of adapting human lymphocytes to ionizing radiation, which may explain why such a protective response has not been found previously.
The results obtained with exogenous ionizing radiation now show that very low doses, indeed, are capable of bringing about a decrease in the cytogenetic damage induced in cells by exposures to higher doses.
